Abstract-The scanning electron microscope (SEM) can be used to study and characterize a wide variety of materials used in nanoelectronic and photonic applications. Several different techniques make use of this versatile tool. These include voltage contrast in secondary electron imaging, charge collection for semiconductor samples and cathodoluminescence. These techniques are important in device nanofabrication process development and nanomaterials characterization.
INTRODUCTION
The development of a wide variety of new materials and devices to be used in nanoelectronic and photonic applications has required powerful tools for the characterisation of both bulk and microstructure samples. The scanning electron microscope (SEM) plays a key role in the characterization of a wide variety of these materials. The versatility of this instrument includes a large array of techniques for providing imaging of materials and microstructures including; secondary electron imaging in voltage contrast, charge collection (CC) and cathodoluminescence (CL) techniques. The first technique will be presented as an aid in developing nanofabrication processes, such as the single electron transistor (SET) based on silicon nanocrystal (Si-nc). The other two techniques will be presented as investigative tools to characterize gallium nitride (GaN) materials. These have drawn considerable attention due to their remarkable optical properties and their application in high-energy photon emitters, such as light emitting diodes and laser diodes. Due to lattice mismatches between the growth substrate and the GaN epilayer, many strain relieving threading dislocations (TDs) appeared and might significantly degrade the optoelectronic device's performance. A detailed investigation of the luminescence charge collection processes around TDs is thus pertinent, in order to determine how TDs act as efficient non-radiative traps.
II. INSTRUMENTATION AND SAMPLES

A. Instrumentation
Cathodoluminescence characterization was conducted using a LEO supra 55 VP field emission gun SEM equipped with a cryogenic stage (4 K to room temperature) coupled to a Gatan MonoCL 2 setup with a high sensitivity UV-visible photomultiplier tube. At low voltage (1 kV), the SEM electron spot size is as small as ~3 nm with an interaction volume in the order of ~10x10x10 nm 3 and it is thus possible to achieve high spatial resolution. Charge collection was carried out using the EBIC package from Oxford Instrument coupled with Kleindiek nanomanipulators to electrically contact devices within the SEM.
B. Samples
The samples for charge contrast imaging are SET-based on a ~20nm diameter Si-nc with a density of 5x10 8 Si-nc/cm 2 . The source, drain and gates electrodes are deposited by electron beam lithography, followed by a lift off process of 15nm thick Al layer. The SET island is formed by placing, using an atomic force microscope (AFM) tip, one Si-nc within the gap between the source and drain electrodes. The GaN/AlGaN heterostructure is grown on sapphire substrate using the Hydride Vapor Phase Epitaxy (HVPE) technique. The active pn junction is formed by Mg and doped Si layers of ~300nm below the surface. Wire bonding on p-type and n-type contact was used to collect and measure the current in CC mode.
The CL samples, studied in this work, are Si-doped (n=3x10 18 cm -3
) as grown GaN samples on (0001) sapphire with the Metal Organic Chemical Vapor Deposition (MOCVD) technique. No chemical or mechanical treatments were performed on the specimens, except a short exposure to oxygen plasma (50 W, 1 minute) in order to remove any residual contamination layer.
III. RESULTS
A. Voltage contrast imaging
The first series of SET did not show any quantum effects, such as Coulomb Blockade behavior under I-V electrical characterization. A closer investigation of electrical measurements revealed an open circuit behavior of the devices. No discontinuities in the electrodes were observed under normal SEM characterization of the complete SET (Figure 2 a). A bias of 5V was then applied using the in situ nanomanipulator to the different electrodes. The applied voltage shifts the energy distribution of secondary electrons, which effectively increases or decreases the secondary electron yield depending on the bias polarity [1] . In the present work, biased electrodes appear brighter. Figure 2 -b clearly shows a change in contrast caused by an electrical discontinuity within the electrode. Nearby the contrast change, one can observe the presence of Si-nc. It has thus been determined that this defect comes from a metal step coverage issue due to the large size of Si-nc relative to the electrode metal thickness. Figure 3 shows a top-down CC and CL imaging comparison from the same area of a GaN UV LED heterojunction. Similar features in both imaging techniques can be observed. In CL, the darker spots can either be associated to (i) non-radiative electron-hole pair recombination or (ii) electron-hole pair separation due to an internal electrical field. In CC, a decrease in signal intensity is either associated to (i) electron-hole pair recombination or (ii) reduced electron-hole pair separation from a depletion zone reduction at the pn junction. In a previous work [3] , these darker areas have been attributed to TDs running from the substrate/GaN interface up to the surface
B. Charge collection and cathodoluminescence
The similarity suggests that the mechanism responsible for this reduction in signal intensity, in both CC and CL, can not be explained by a variation in an electrical field. It can either be caused by charge trapped around TD or depletion zone change, because this would imply a signal drop in CL (dark area) and a signal rise in CC (white area). It is thus believed that the B A observed contrast is caused by a non-radiative recombination center created by defects nearby TDs and not by charge separation from local electrical fields around TDs. 
C. Cathodoluminescence
The CL resolution, d CL , is generally accepted [5] to be a composite of the diffusion length, L, and in plane absorbed energy radius of electrons, R e , where: In such conditions, d CL can be used to measure directly the diffusion length, L, of a given carrier species, since R e makes no significant contribution to d CL . Low voltage CL investigation of GaN material of doped Si is presented in Figure 5 . This monochromatic CL micrograph shows the near band edge acquired with = 361 nm (bound exciton on silicon, D°X) at 5 K and 1 keV. The featureless surface in secondary electron mode exhibits a high density of sub-100nm dark spots in CL. These spots are attributed to non-radiative recombination occurring near TDs. The measured TDs' density, n TD , in this material is ~2x10 9 cm -2 . Most likely this high TDs' density arises from Si assisted dislocation nucleation, induced by extra stress in the epilayer caused by the dopant. Figure 5 inset, report a luminescence profile measured across a single dislocation core (full curve). In the following, we will treat a TD as a one-dimensional carrier sink, along the c-axis growth direction with an infinite non-radiative recombination rate. This assumption is supported both by TEM observations of short range nm-extended full core screw dislocations [6] and by the large CL contrast observed between a dislocation core and its bright surrounding medium, as shown in CL micrographs. For modeling our data, we will consider that carrier diffusion processes lead to an intensity profile of the form:
across a dislocation core, where r 0 is the core position, as observed for higher electron beam voltages [7] . The 1 keV experimental CL profiles are found to follow this relationship quite well, see Figure 5 inset. Fitting the 5K CL profiles with the model function for 10 TDs from Figure 5 gives the mean diffusion length of excitons using the bound exciton emission from the Si with L D°X 62 28 nm, where the error is given by the standard deviation on the set of measures. This value is found to be much lower than previous works acquired at 10 kV [7] and shows the utility of using low voltage CL for the investigation of low L samples. Another benefit of high resolution CL, at low voltage, is the capability to investigate layers from grown heterostructure. Micrographs of cleaved GaN heterostructures are presented in Figure 6 . From the secondary electron image (left), three different layers can be identified starting from the bottom: i) sapphire substrate, ii) 1. shows more details about the growth layers. The bright central layer corresponds to Si doped GaN, while the darker layer below corresponds to undoped GaN. The doped Mg layers emit at longer wavelengths (not shown). Also shown, are dark lines parallel to the growth axis starting from the GaN buffer layer (ii) and extending to the surface. These lines are believed to be TDs similar to those observed within Figure 5 . As previously mentioned, TDs appear to relief stress from the lattice mismatch between sapphire and GaN. Although, in this particular heterostructure, TDs start at the interface of layers (ii) and (iii), which are both GaN, grown using different HVPE conditions. Further characterizations are underway to study the impact of buffer layers growth conditions on TD density. 
IV. DISCUSSION
The results clearly demonstrate the utility of the voltage contrast technique in the development of a nanofabrication process. Based on this study, appropriate modifications of the process flow were carried out in order to remove the Si-nc before evaporation of the Al electrodes. New SET devices based on this modification are currently under study.
A comparison of CC and CL is a very powerful characterization technique to investigate nanomaterials. The fundamental difference in the physical mechanisms involved in image formation can be exploited to study material at the nanometer scale. It has been shown here, for example, that TDs, in GaN, act as non-radiative centers.
Low voltage CL can be used to directly measure the diffusion length of specific carriers or excitons by selecting the appropriate emission wavelength and neglecting the lateral spreading of primary electrons. A more complete study of diffusion length, as a function of dopant nature and temperature, will be publish elsewhere [8] .
